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bstract

Strains of Newcastle disease virus (NDV) can be separated into genotypes based on genome differences even though they are antigenically
onsidered to be of a single serotype. It is widely recognized that an efficacious Newcastle disease (ND) vaccine made with any NDV does
nduce protection against morbidity and mortality from a virulent NDV challenge. However, those ND vaccines do not protect vaccinates
rom infection and viral shed from such a challenge. Vaccines prepared from ND viruses corresponding to five different genotypes were
ompared to determine if the phylogenetic distance between vaccine and challenge strain influences the protection induced and the amount
f challenge virus shed. Six groups of 4-week-old specific pathogen-free Leghorn chickens were given oil-adjuvanted vaccines prepared
rom one of five different inactivated ND viruses including strains B1, Ulster, CA02, Pigeon84, Alaska196, or an allantoic fluid control.
hree weeks post-vaccination, serum was analyzed for antibody content using a hemagglutination inhibition assay against each of the vaccine
ntigens and a commercial NDV ELISA. After challenge with virulent CA02, the birds were examined daily for morbidity and mortality and
ere monitored at selected intervals for virus shedding. All vaccines except for the control induced greater than 90% protection to clinical

isease and mortality. The vaccine homologous with the challenge virus reduced oral shedding significantly more than the heterologous
accines. NDV vaccines formulated to be phylogenetically closer to potential outbreak viruses may provide better ND control by reducing
irus transmission from infected birds.
ublished by Elsevier Ltd.
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. Introduction

Newcastle disease virus (NDV), also known as avian

aramyxovirus type-1 virus, is a member of the genus
vulavirus [1] in the Paramyxoviridae family. It is a single
tranded, non-segmented, enveloped RNA virus with nega-
ive polarity [2]. NDV is composed of six genes and their

� Proprietary or brand names used are necessary to report factually on
vailable data. However, the USDA neither guarantees nor warrants the stan-
ard of the product, and the use of names by the USDA implies no approval
f the product to the exclusion of others that may also be suitable.
∗ Corresponding author. Tel.: +1 706 546 3479; fax: +1 706 546 3161.

E-mail address: david.suarez@ars.usda.gov (D.L. Suarez).
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orresponding six structural proteins: nucleoprotein (NP),
hosphoprotein (P), matrix (M), fusion (F), hemagglutinin-
euraminidase (HN), and the RNA polymerase (L). RNA
diting of the P protein produces two additional proteins, V
nd W. The HN and F are glycoproteins that allow binding
nd fusion of the virus to the host cells to initiate a NDV
nfection. Antibodies to HN and F are neutralizing and repre-
ent the primary protective component induced by Newcastle
isease (ND) vaccines [3].
Antigenic [4] and genetic diversity [5] are recognized
ithin the APMV-1 serotype. At least six distinct lineages of
DV have been identified based on restriction enzyme anal-
sis and nucleotide sequence of the fusion protein gene [5,6].
nother classification system using full-length sequence to

mailto:david.suarez@ars.usda.gov
dx.doi.org/10.1016/j.vaccine.2007.07.017
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elate the viruses isolated over time has been reviewed by
omniczi and coworkers [7] and shows two major divisions

epresented by Class I and Class II, with Class II being fur-
her divided into at least eight genotypes. This paper will refer
o the second classification system when discussing the ND
iruses used. The amino acid diversity across NDV sequences
vailable on GenBank® for both the HN and the F genes dis-
lays on average a 10% difference between the genotypes of
lass II and a 15% difference between Class I and Class II
iruses. Amino acid diversity among strains may have been
he basis of the report in 1951 that certain NDV strains were
ntigenically superior to others when used to formulate a
illed vaccine [8].

Historically, NDV isolates have been divided into three
roups used to describe their virulence in poultry: lentogen
low virulence), mesogen (moderate virulence) and velogen
high virulence) [2]. Select lentogenic strains are universally
sed as live vaccines in the commercial poultry indus-
ry. Experimental infections of specific pathogen-free (SPF)
hickens with these lentogenic vaccine strains cause little to
o clinical disease. When these viruses are used in the field
hey can cause decreased productivity in commercial chick-
ns by inducing a mild respiratory disease, particularly when
he birds are infected with other respiratory pathogens or
n combination with environmental stressors. Virulent NDV
solates, the cause of ND—called exotic Newcastle disease
END) in the United States (U.S.), are not endemic in the
.S. and can spread rapidly leading to high mortality rates

9]. Symptoms of a virulent NDV infection in susceptible
irds may include depression, respiratory distress, hemor-
hage in multiple organs, neurological signs and acute death.
D vaccines are widely administered to reduce clinical dis-

ase from endemic infections with low virulence strains and
an provide protection against disease but not infection with
irulent outbreak viruses. Consequently, the primary control
easure in the U.S. if an ND outbreak occurs is depopula-

ion of infected or likely exposed animals. This can create a
ignificant financial burden, for example the estimated cost
or controlling the California 2002–2003 outbreak exceeded
200 million [10].

In the U.S., and in many countries worldwide, ND pre-
ention is focused on bio-security and the vaccination of
oultry with both live and inactivated ND vaccines. Ide-
lly vaccines are administered after maternal antibodies have
aned which allows the induction of a good immunologi-

al response before the birds are likely to be exposed to a
irulent strain of NDV, but because of differences in flock
mmunity, vaccination is rarely ideally implemented. Both
ive and inactivated vaccines have their advantages and disad-
antages, which have been reviewed previously [11]. Today
he strains of NDV used to produce ND vaccines in the
.S., such as LaSota and B1, are phylogenetically in the
ame genotype as viruses isolated in the 1940s, but are
hylogenetically divergent from strains causing the recent
utbreaks of ND in North America since the 1970s, such
s Fontana/1972, Turkey North Dakota/1992, and Califor-

n
f
t
e
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ia/2002 (see Fig. 1). It is widely recognized that because ND
solates are of one serotype, ND vaccines prepared with any
D lineage, given correctly, can protect poultry from clini-

al disease and mortality from a virulent ND virus challenge
12–14]. However, even as far back as 1953 the feasibil-
ty of one NDV vaccine being able to protect birds from
D without evaluating the factors for each individual out-
reak has been questioned [15]. In 1972, Spalatin and Hanson
oted that the new forms of NDV being isolated in the U.S.
re able to infect vaccinated chickens and that these new
iruses seem partially resistant to the antibodies induced
y the current vaccines [16]. More recently, Kapczynski
nd King showed that current vaccination programs in com-
ercial broilers in the U.S. are not completely effective at

reventing clinical disease and virus shedding after exper-
mental challenge with a recent virulent strain [10]. These
esults along with the susceptibility of vaccinated commer-
ial layers to virulent NDV infection in the California 2002
utbreak suggests the current vaccination programs may not
e optimized. The objective of this study was to compare the
rotection induced by ND vaccines prepared with viruses of
ve different NDV genotypes by assessing viral shed from
accinates in addition to the standard observation of mor-
idity and mortality after challenge. The comparison was
one with inactivated vaccines, the only feasible option to
tilize the virulent CA 2002 NDV as both a vaccine anti-
en and a challenge virus. We found that vaccinating with a
DV homologous with the ND challenge virus induced high
emagglutination-inhibiting antibody titers and significantly
educed the amount of virus shed in oral secretions com-
ared to the heterologous vaccines. Vaccines with the ability
o reduce viral shed would enhance the role of vaccination in
D control.

. Materials and methods

.1. Eggs and chickens

Four-week-old, SPF White Leghorn (WL), chickens
btained from the Southeast Poultry Research Laboratory
SEPRL) flocks were separated into six vaccination groups
f 16 birds each. The chickens were wing banded and kept in
orsfall isolation units in BSL 3 Ag facilities and allowed

o acclimate for 2 days prior to their being vaccinated.
dditional birds from this group were bled and tested by
emagglutination inhibition (HI) assay and ELISA (IDEXX,
estbrook, ME) to confirm that the flock was negative for
DV antibodies. Birds were given food and water ad libi-

um throughout the experiment. The SEPRL SPF WL flock
as the source of the embryonated chicken eggs (ECE) uti-

ized for virus isolation (VI), virus titrations and for the

ormal allantoic fluid for preparing the control vaccine and
or diluting antigens after inactivation. The SEPRL Institu-
ional Animal Care and Use Committee approved all animal
xperiments.
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ig. 1. Phylogenetic comparison of the full-length hemagglutinin-neuram
enotypes [7]. Viruses utilized to prepare vaccine antigens are in bold. Boo
cid changes per 100 amino acids.

.2. Viruses and antigen preparation

We chose phylogenetically diverse ND viruses to use
s vaccines: Ulster/1967 [2], B1/1947 [2], Pigeon/1984

Pigeon84) [17], Alaska196/1998 [18] and Califor-
ia/212676/2002 (CA02) [19] (see Fig. 1 and Table 1).
lster, a Class II Genotype I virus, was originally isolated

n Northern Ireland and is used as a vaccine virus in

able 1
haracterization of the ND viral strains used for the preparation of vaccines

ntigen HA titera EID50
b Class/genotypec

Pre Post

1 512 384 109.7 II/II
lster 2048 2048 109.3 II/I
igeon84 32 1024d 106.9 II/VIb
K196 2048 1024 109.1 I/NAe

A02 512 512 108.3 II/V

a The HA titer of each antigen is listed pre- and post-inactivation with
PL.
b Embryo infectious dose 50 (EID50) prior to inactivation is listed per
.1 ml: all vaccines were adjusted to the equivalent EID50 108.3 prior to
nactivation.

c Class and genotype [7].
d Pigeon84 HA titer post-concentration.
e Not applicable; no genotypes have been reported in Class I.
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(HN) and fusion (F) proteins of representatives of the NDV classes and
alues greater than 75 are noted. Ruler distance of 0.02 represents 2 amino

hat country. B1, a Class II Genotype II virus, is used
orldwide as a live vaccine virus. Pigeon84, a Class II,
enotype VIb virus, is representative of the virulent pigeon
aramyxoviruses and has been characterized previously
s a mesogen in chickens [17,20]. Alaska196 is a Class I
irus that was isolated in 1998 from a Northern Pintail and
epresents a group of viruses that are commonly found in
aterfowl. Typically Class I isolates do not cause disease in
oultry and genetically are highly divergent from the other
solates in the Genotypes of Class II [5]. There has been one
elogenic Class I virus reported [21]. The CA02 virus, a
lass II, Genotype V virus, is a velogen that is representative
f the recent outbreak in the Southwestern U.S. and is used
s a vaccine and challenge virus. Stocks of NDV were
btained from the SEPRL repository, and grown in 9–11
ay-old SPF ECE by chorioallantoic sac inoculation. Pools
f infective allantoic fluid were clarified via centrifugation
t 1000 × g for 15 min. Infectivity titers of the pools were
etermined by titration in ECE prior to inactivation, and
emagglutination (HA) titers were determined before and
fter inactivation (see Table 1) [22]. Allantoic fluid for each
irus was inactivated with 0.1% beta-propiolactone (BPL)

Sigma, St. Louis, MO) [23] for 4 h at room temperature and
ept overnight at 4 ◦C for hydrolysis of the BPL. Complete
irus inactivation was confirmed by failure to recover virus
fter embryo inoculation [24]. Prior to being stored at
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WI). The sequences were aligned using the Lipman–Pearson
Method with a Gonnet250 Protein weight matrix and amino
acid similarities are shown in Table 2 [32].

Table 2
Deduced hemagglutinin-neuraminidase (HN) and fusion (F) protein simi-
larity between the vaccine strain and the challenge NDV strain of CA02a

Vaccine Amino acid similarity with challenge virus (%)

HN F

CA02 100.0 100.0
Pigeon84 92.3 92.9
Ulster 90.7 89.7
B1 89.3 88.1
P.J. Miller et al. / Va

70 ◦C, the pH of the pools of virus antigen as allantoic fluid
as adjusted to 7.0 by adding sterile sodium bicarbonate

Gibco, Invitrogen Corporation, Grand Island, NY) [25].

.3. Vaccine generation

Water-in-oil emulsion vaccines were prepared with virus
ntigen concentration the equivalent of 108.3 EID50 (median
mbryo infectious dose) of virus prior to BPL inactivation.
o achieve this concentration B1, Ulster, and AK196 were
iluted with normal allantoic fluid. Pigeon 84, having a
ower EID50 titer and HA titer, was concentrated by ultra-
entrifugation at 120,000 × g. CA02 was kept at the original
oncentration. Table 1 characterizes each of the viruses used
or the vaccine preparation. The oil phase of the vaccine was
ade by adding 36 parts of Drakeol 6VR (Butler, PA), 3 parts

f Span 80 (Sigma, St. Louis, MO) and 1 part of Tween 80
Sigma, St. Louis, MO) for each vaccine to be made into a
orking solution. The oil phase was added to each of the
irus antigens or normal allantoic fluid (the aqueous phase)
o achieve a 4:1 ratio of oil to water as previously described
26]. Vaccines were prepared by homogenization in a Waring
lender (Fisher Scientific International Inc., Hampton, NH)
27] 3 days prior to administration and kept at 4 ◦C prior to
se.

.4. Vaccination studies

Groups were subcutaneously vaccinated with 0.5 ml of
heir appropriate vaccines. Twenty-one days post-vaccination
erum was collected and the birds were challenged with 105.7

ID50 of CA02 virus administered in 50 �l into the right eye
nd 50 �l into the choana. Oropharyngeal and cloacal swabs
ere collected on days 2, 4, 7 and 9 into 1.5 ml of brain
eart infusion (BHI) broth (BD Biosciences, Sparks, MD)
ith a final concentration of gentamicin (200 �g/ml), peni-

illin G (2000 units/ml), and amphotericin B (4 �g/ml). Birds
ere monitored daily for clinical signs and death through
ay 14 post-challenge when they were bled and euthanized.
oribund chickens were euthanized with intravenous sodium

entobarbital at a dose of 100 mg/kg and counted dead for
he next day. Necropsies were completed on selected birds
ost-challenge to assess the presence of gross pathological
esions.

.5. VI, HA assay, HI assay, ELISA, monoclonal
ntibodies

Virus isolation (VI) and hemagglutination (HA) assays
o identify virus positive fluids were conducted as described
19]. VI positive samples were titrated in SPF ECE [24].
ll virus titers were calculated using the Spearman–Kärber

ethod. Hemagglutination-inhibition (HI) assays (micro-

eta) were completed on pre- and post-challenge sera
y testing all samples against their homologous and het-
rologous vaccine antigens [28]. ELISA assays (IDEXX,

A

w
s
m
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estbrook, ME) were also completed on the pre- and
ost-challenge sera according to the manufacturer’s recom-
endations. Geometric mean titers (GMT) of HI antibodies
ere determined for each vaccination group. Each of the
accine antigens were tested against NDV specific mono-
lonal antibodies (MAbs) to show antigenic variation among
he NDV strains as described [29]. The National Veterinary
ervices Laboratory provided B79, 15C4, 10D11, AVS, and
61/167. P3A11, P11C9, P15D7, and P10B8, prepared at
outheast Poultry Research Laboratory, have been previ-
usly described [29]. Four HA units of each of the viral
ntigens were used in completing the HI assay of MAbs,
nd HI titers equal or greater than 16 are considered positive
17,30].

.6. Nucleotide sequencing

All sequencing reactions were performed as previously
escribed [31]. Pigeon84 HN and F, CA02 HN and F,
nd Alaska196 HN were sequenced from cDNA ampli-
ed by RT-PCR from Trizol LS (Invitrogen, Carlsbad, CA)
xtracted RNA using gene specific primers that are available
pon request. Sequences have been deposited in GenBank®

nder the following accession numbers: EF520717 (CA02
N), EF520718 (CA02 F), EF20715 (pigeon 84 HN),
F520716 (pigeon 84 F), EF520714 (AK196 HN), and
F612277 (AK196 F). Nucleotide sequences for the com-
lete HN and F proteins for B1 (HN: AF309418 F: M24695)
nd Ulster (HN: M19478 F: M24694) are available from
enBank®.

.7. Genetic analysis

The amino acid sequences of the HN and F proteins of the
accine viruses used in the study were compared by phylo-
enetic analysis and pair-wise alignment of each isolate with
A 02 with the program Megalign (DNASTAR, Madison,
laska196 84.2 85.2
a Amino acid similarity analysis and pair-wise alignment of each isolate
ith CA 02 were performed with the program Megalign (DNASTAR, Madi-

on, WI): The amino acid sequences were aligned using the Lipman–Pearson
ethod.
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.8. Phylogenetic tree assembly

Phylogenetic trees were constructed using the maximum
ikelihood method as implemented in the software package
hyml with the following parameters [33]: 100 boot-strapped
ata set, JTT model of amino acid substitution, fixed pro-
ortion of invariable sites, 4 substitution rate categories,
gamma distribution parameters and optimization of tree

opology, branch lengths and rate parameters. Bootstrap val-
es greater than 75 are reported.

.9. Statistical analysis

Animal experiments were done with 16 chickens per treat-
ent group with the exception of the B1 group in which

ne bird died pre-vaccination. Serology data are presented
s geometric mean titers plus or minus (±) standard error.
roup means were analyzed by ANOVA with Tukey’s post
oc test when indicated. Significance is reported at the level
f P ≤ 0.05.

. Results

The five viruses chosen to be used as vaccines differed
hylogenetically (Fig. 1, Table 1) and antigenically (Table 2).
n evaluating the deduced similarity for the HN and F proteins
etween the CA02 challenge strain and the vaccine strains,
igeon84 and Alaska196 are respectively the most and least
enetically similar (Table 2). When using a panel of nine
ifferent monoclonal antibodies, each virus had a different
ntigenic pattern of reactivity compared to the CA02 virus
ntigenic pattern (data not shown). The CA02 virus shared
ix epitopes with Ulster and B1, but only two with Pigeon84
nd Alaska196.

The chickens were vaccinated at 4 weeks of age and the
re-challenge serum 3 weeks after vaccination was analyzed

ith both a cross-HI assay and a commercial NDV ELISA

est (Table 3). Up to fivefold titer differences were observed
etween Alaska196 and Pigeon84 antigens on mean HI titers
hen Alaska196 was the vaccine and a threefold difference

able 3
re-challenge serology completed by micro-beta HIa and ELISA (IDEXX)

accine HI antigens ELISA
antigen

B1 Ulster Pigeon84 AK196 CA02

1 291b 133 30 40 96 3676c

lster 612 586 146 306 411 3045
igeon84 348 281 562 182 190 2816
K196 334 174 146 829 198 3269
A02 761 538 485 463 794 3292
a HI assays were completed with four HA units of each vaccine antigen to

est pre-challenge serum of each vaccine group and group geometric mean
iters are presented.

b Homologous responses are noted in bold.
c ELISA group geometric mean titers are presented in the right column.
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hen Pigeon84 was the vaccine. There was a threefold differ-
nce in mean HI titers of the B1 vaccinates when tested with
he B1 and CA02 antigen. The CA02 vaccine strain produced
igher serum HI titers to homologous antigen as compared
o the other vaccine strains. The ELISA titers from the B1
roup were higher than all the other groups, although the B1
I titers were the lowest. Post-challenge HI and ELISA titers,
easured at 14 days, revealed an anamnestic response in all

roups as expected since all vaccinates became infected with
he challenge virus (data not shown).

The birds were challenged with the virulent CA02 strain
nd evaluated daily for morbidity and mortality. The control
accinated birds and one bird from the Alaska196 vaccina-
ion group displayed conjunctivitis with severe depression,
efore dying or being euthanized between 4 and 6 days post-
hallenge. Necropsy of these controls and the Alaska196
ird revealed gross lesions consistent with a virulent NDV
nfection including petechial hemorrhages and edema in the
onjunctiva of the lower eyelid, petechial hemorrhages in the
hymus, and multifocal hemorrhages of the proventriculus
nd cecal tonsils. Hemorrhage of the tracheal mucosa poste-
ior to the glottis, a unique lesion described consistently with
his CA02 viral infection, was also observed [19].

Neurological signs were seen in two of the vaccinated
irds: one B1 vaccinate and one CA02 vaccinate. The B1
accinate displayed torticollis, an inability to stand and slight
ody tremors. Upon necropsy at the end of the experiment,
his bird was grossly normal except for petechial hemorrhages
n the thymus. The CA02 vaccinate displayed a paralyzed
ing, an inability to stand and to keep its head up. This bird
isplayed no gross lesions of a virulent NDV infection upon
ecropsy at the end of the experiment. Neither bird had the tra-
heal lesion previously described. The CA02 vaccinate with
eurological lesions had pre-challenge serum HI antibodies
o the CA02 antigen of 20 versus the mean titer of 1015 for
he other 15 vaccinates in this group. The B1 bird with neu-
ological signs had a HI antibody titer of 80 to the CA02
ntigen, which was similar to the mean HI antibody titer of
18 for the other vaccinates in the B1 group.

All of the oral swabs from the control and vaccinated birds
ere positive on days 2 and 4 post-challenge with titers from

ll the groups peaking on day 4. By days 7 and 9 the num-
er of vaccinated birds shedding virus was reduced. Table 4
emonstrates that there was no significant difference in the
requency of the number of birds shedding among the vac-
ination groups except for the number of positive cloacal
wabs on day 2 for the Pigeon84 vaccinates. At 2 days post-
hallenge, vaccination with B1, Ulster, and Alaska196 had
o effect on oral shedding of virus compared to controls
Fig. 2B) as measured by viral titers. However, both Pigeon84
nd CA02 caused a significant reduction in shedding com-
ared to the controls. On day 4 the oral virus titers of the CA02

accinates were significantly reduced compared to the titers
f the other vaccine strains as well as the controls (Fig. 2A
nd C). The heterologous NDV vaccine strains significantly
educed oral viral shed on day 4 (Fig. 2C) compared to the
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Table 4
Frequency of isolation of challenge virus in different vaccine groups

Vaccine group Days post-challenge samples collected

2 4 7 9

Oa Cb O C O C O C

Control 16/16c 16/16 16/16 13/13 NSd NS NS NS
B1e 15/15 08/15 15/15 06/15 05/15 05/15 02/15 00/15
Ulster 16/16 10/16 16/16 07/16 02/16 00/16 00/16 03/16
Pigeon84 16/16 04/16* 16/16 05/16 01/16 03/16 00/16 03/16
AK196f 16/16 12/16 16/16 07/16 00/15 02/15 00/15 02/15
CA02 16/16 10/16 16/16 04/16 02/16 02/16 02/16 00/16

a Oropharyngeal swabs.
b Cloacal swabs.
c Data are expressed as positive isolations/total number of swabs with one per bird.
d No survivors.
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e One bird from the B1 group died pre-vaccination.
f One bird from the AK196 group died on day 5 post-challenge.
* Significance from corresponding control, P < 0.05.

ontrol vaccine, but that reduction was not as great as in
he CA02 vaccinates. All of the cloacal swabs from the con-
rol group were positive on days 2 and 4. The cloacal swabs
rom the ND vaccinated groups contained low amounts of
irus throughout the sampling period (Fig. 3A) and the num-
er of birds shedding virus was decreased on days 2 and 4
ost-infection compared to the control birds. Unlike the oral
wabs, there was no significant difference in the virus titers
rom the cloacal swabs of those vaccinated groups except that
igeon84 had significantly less virus isolated on day 2 com-
ared with the amount isolated from Alaska196 (Fig. 3B).
his difference disappeared by day 4 (Fig. 3C).

. Discussion

The goal of this study was to determine if the antigenic
istance of the vaccine strain, as described by phylogeny,
an influence the amount of virus shed after infection with
virulent strain of NDV and thus impact decisions on vac-

ine formulation and challenge virus for potency testing. We
dentified four NDV isolates that represented four genotypes
ifferent from the CA02 outbreak strain to use in this study
s vaccines that have different degrees of amino acid simi-
arity to the CA02 HN and F proteins (Table 2). As shown
n Fig. 1, these isolates represent the diversity found in both
he HN and F proteins. Specific antibodies to both of these
lycoproteins are known to be involved in the neutralization
f NDV [34–41]. The majority of virulent ND strains iso-
ated in North America since 1970 from poultry, psittacines
nd wild birds like cormorants and anhingas have been Class
I Genotype V viruses that show nucleotide similarities to
he Mexican isolates of 1996 and 1998 [42]. If there were to
e another outbreak in the U.S., the etiological agent would

ikely be a virulent virus similar to the Class II Genotype

viruses of the recent past and not virulent viruses of the
lass II Genotype II isolates like Texas GB that have not been

solated in the U.S. since the early 1970s.

E
t
H
C

In this study, the NDV vaccine homologous to the
exican-like Class II Genotype V challenge virus (CA02)

nduced the highest titers of hemagglutination-inhibition
ntibodies using the CA02 virus as antigen when compared
o the amounts induced by heterologous vaccines (Table 3).

ost importantly, improved protection of vaccinated birds as
easured by a significant decrease in challenge virus shed-

ing in oropharyngeal swabs was also seen in the group
accinated with the homologous vaccine (Fig. 2C). The HI
ssay detects antibodies to the HN surface antigen, which
re known to correspond to antibodies that provide protec-
ion from disease. Each vaccine group gave the highest HI
iters when the antigen used in the assay was homologous
o the vaccine antigen, except for B1, which has been pre-
iously shown to respond poorly in this regard [43]. The
ross HI titers in Table 3 also show that the HI titers can
ary greatly depending on the antigen used for testing. For
xample the B1 vaccinated birds had a GMT HI titer of 291
hen compared with B1 antigen, but a titer of 96 when using
A02, the challenge strain as antigen. Using the vaccine
ntigen and not the probable challenge antigen in evaluat-
ng the GMT HI response could lead to an over estimation
f the immune response and the potential level of protec-
ion they induced (Table 3). Testing these same vaccinates
gainst the antigen of the likely challenge virus will give a
etter indication of the type of protection these birds will
ave. We also found that the ELISA titers (Table 3) for
he B1 vaccinates had the highest NDV antibody response
ven though the B1 vaccinates had the lowest HI titers
o the CA02 challenge antigen. These results suggest that
ither the ELISA antigen had greater homology with the
1 virus or it simply reflects the differences in levels of
ntibodies to conserved structural proteins other than the
N in the response measured by ELISA. The similarity of

LISA antibody titers among all vaccine groups in contrast

o the variability in HI titers indicates the lesser role of the
N in the induction of the antibodies assayed by ELISA.
onsequently, the ELISA response may not be as useful
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Fig. 2. Virus isolation from oropharyngeal (oral) swabs collected on selected
days after CA02 END virus challenge of all treatment groups at 21 days
post-vaccination. (A) Mean virus titers of oral swabs of all groups on all
sample days. All control animals were dead by day 6. (B) Comparison of
oral virus titers at 2 day post-challenge: asterisk (*) indicates significant
difference from Control and AK. (C) Comparison of oral virus titers at 4 day
post-challenge: asterisk (*) indicates significant difference between control,
double asterisk (**) indicate significant difference between control and all
other treatments. Data (mean + S.E.) were analyzed by ANOVA followed by
T
A

a
v

m

Fig. 3. Virus isolation from cloacal swabs collected on selected days
after CA02 END virus challenge of all treatment groups at 21 days post-
vaccination. (A) Mean virus titers of cloacal swabs of all groups on all
sample days. All control animals were dead by day 6. (B) Comparison of
cloacal virus titers at 2 day post-challenge: asterisk (*) indicates significant
difference from control; double asterisk (**) indicate significance differ-
ence between Alaska and Pigeon. (C) Comparison of cloacal virus titers at 4
d
D
t

[
b
challenge virus [44,45] and also of them being able to reduce
ukey’s multiple comparison test. B1: B1, UL: Ulster, PG: Pigeon84, AK:
K196, CA: CA02.

s the HI in predicting the level of protection induced by

accination.

Although virus shed has not been widely reported as a
ethod of monitoring protection induced by ND vaccines

t
[
i

ay post-challenge: asterisk (*) indicates significant difference from control.
ata were analyzed by ANOVA followed by Tukey’s multiple comparison

est. B1: B1, UL: Ulster, PG: Pigeon84, AK: AK196, CA: CA02.

10], there are many reports of avian influenza (AI) vaccines
eing able to reduce the number of vaccinated birds shedding
he amount of challenge virus shed from the respiratory tracts
45–47]. Notably, one report describes a similar pattern seen
n these NDV experiments with significant reductions in
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ropharyngeal shedding with a homologous vaccine and no
ifferences in cloacal shedding between vaccine groups [48].
hile antigenic drift does appear to be happening with NDV

solates throughout the world, it is occurring at a much slower
cale than that seen with AI viruses [5,7,49–51]. In addition
o shedding less virus into the environment, birds vaccinated
or avian influenza have been shown to be more resistant to
hallenge by requiring a larger amount of virus to become
nfected [52].

Control of Newcastle disease primarily consists of vac-
ination of flocks and culling of infected or likely infected
irds. Current vaccine strategies can be effective in control-
ing serious illness and death in infected birds, but do not
revent infection and shedding of virus. In the U.S. where
irulent ND viruses are not endemic, vaccination programs
re not intensive to minimize post-vaccinal reaction [11].
ransmission of virus even in a well-vaccinated flock can
ccur because some of the birds will have had a poor vac-
ine response and will be susceptible to infection. This was
een in layer flocks during the CA02 outbreak. However, in
roilers, because of their short life spans and the need to
alance immune response with vaccine reactions, this group
ften has an immune response that does not provide complete
linical protection and allows high levels of virus shedding
n challenge [10]. In countries where a virulent challenge
s likely, the vaccination programs may be more intensive
nd consequently transmission of a virulent virus may be
educed. The goal of the current study was to determine if
t is possible to reduce viral shedding, and presumably, the
preading of the virus and the consequent disease, through
n improved vaccine strategy. The current vaccines used to
revent ND were derived from strains isolated decades ago.
n the last 50 years there has been a major shift in the types
f strains of NDV that have been identified as circulating in
oultry, although they still remain as a single serotype. The
iral strains of greatest concern today exhibit considerable
ntigenic and sequence variation from the original vaccine
trains (Table 2 and Fig. 1). We hypothesized that if birds
ere vaccinated with viruses that were more antigenically

imilar to the challenge strain that they would shed reduced
mounts of challenge virus. Indeed, the data from this study
upport this hypothesis.

Historically, protection induced by NDV vaccines is tested
rom a challenge with Texas GB/1948 in the U.S., a Class II,
enotype II virus and with Herts/1933 in Europe, a Class II,
enotype IV virus. These challenge strains do not represent

he virus lineages that are currently seen in North America
nd around the world. Currently, protection from NDV, as
valuated for biological regulatory purposes, is defined as
rotection induced by vaccines against morbidity and mor-
ality after challenge. With this definition and based on these
ata, the lineage of the challenge strain used to test vaccines

ill likely not make a difference. However in this study vac-

ines formulated to be similar to the challenge virus induced
etter protection in vaccinates as measured by the reduction
n the shedding of virus after a virulent challenge. Thus, by

[
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ormulating ND vaccines with a virus similar to the most
ikely outbreak virus it may be feasible to induce an immune
esponse that not only protects against morbidity and mortal-
ty, but also against dissemination of the virulent virus.
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